located on chromosome 7q22 (Miyagi et al., 1996) , has been characterized, and we identified a complete CpG island region of at least 220 bp that spans exon 1 and the three transcription initiation sites. This region, with a G+C content of about 77% and an observed/expected presence of CpG> 0.85, also coincides with the 5'-end of the minimal promoter. We therefore hypothesized that the TFPI-2 gene promoter could be regulated by DNA methylation and that the TFPI-2 gene might be a candidate tumor suppressor gene. CpG islands are protected from methylation in normal cells by mechanisms that are poorly understood. In contrast, hypermethylation of CpG islands in the promoter region of tumor suppressor genes is a known mechanism of gene silencing that contributes to tumor progression. We have reported recently that TFPI-2 transcripts are synthesized in large amounts in normal trophoblast cells isolated from term placentas (Hubé et al., 2003a) , whereas they were not detected in invasive human JAR choriocarcinoma cells (Jin et al., 2001; Iochmann et al., 2002) either stimulated by phorbol myristate acetate (PMA) or left unstimulated. In the present study we investigated whether the methylation status of the human TFPI-2 gene promoter could regulate the level of expression of TFPI-2 in trophoblast cells. We therefore tested the effects of 5'-aza-2'-deoxycytidine (5-aza) on the reactivation of TFPI-2 transcription in JAR cells following DNA demethylation. The effects of in vitro DNA methylation on TFPI-2 promoter function were also confirmed with TFPI-2/luciferase promoter constructs (TFPI-2/Luc). Finally, we determined the methylation status of the human TFPI-2 gene promoter in normal trophoblast cells and JAR choriocarcinoma cells using the bisulfite genomic sequencing method.
TFPI-2 mRNA synthesis was studied in normal trophoblast and JAR choriocarcinoma cells using a specific RT-PCR method. PMA, an inducer of TFPI-2 expression, was used at optimal concentration (100 ng/ml) and incubation time (4 h) as previously defined (Iochmann et al., 2002) . The RT-PCR product obtained appeared as a single band of 253 pb, the expected size of the TFPI-2 cDNA product, and sequencing yielding a result similar to the previously published sequence (Sprecher et al., 1994) confirmed the specificity of the technique. Expression of GAPDH used as a control was not affected in any experiment.
A large amount of TFPI-2 mRNA was detected in normal trophoblast cells, and the levels increased after stimulation with PMA ( Figure 1A ). In contrast, TFPI-2 mRNA Biol. Chem., Vol. 384, pp. 1029 -1034 , July 2003 Tissue factor pathway inhibitor-2 (TFPI-2), a Kunitztype serine proteinase inhibitor associated with the extracellular matrix, has been shown to reduce tumor invasion. In the present study we identified the presence of a complete CpG island region spanning exon 1 and the three transcription initiation sites. We demonstrate that DNA demethylation by 5'-aza-2'-deoxycytidine restores TFPI-2 transcription in JAR choriocarcinoma cells. The effect of in vitro DNA methylation on TFPI-2 promoter function was also confirmed with TFPI-2/luciferase promoter constructs. Finally, we determined the precise methylation status of CpG sites of the TFPI-2 promoter in normal and tumor trophoblast cells using the bisulfite genomic sequencing method. We conclude that hypermethylation of the TFPI-2 gene is correlated with transcriptional silencing and that the TFPI-2 gene may be a candidate tumor suppressor gene. Key words: 5'-Aza-2'-deoxycytidine / JAR cells / Methylation status / Normal trophoblast cells / Tissue factor pathway inhibitor 2 / Transcriptional silencing.
The degradation of the extracellular matrix (ECM) is an important step in tumor invasion and metastasis which involves a variety of proteases, particularly metalloproteinases (MMPs). Tissue factor pathway inhibitor-2 (TFPI-2), a 32 kDa Kunitz-type serine proteinase inhibitor associated with the ECM, was recently shown to reduce tumor invasion. By inhibiting plasmin and trypsin, TFPI-2 effectively decreases activation of MMP-1, MMP-3, MMP-9 and MMP-13 (Rao et al., 1999; Herman et al., 2001) , thus reducing the invasive potential of several tumor cell lines (Rao et al., 1998 Konduri et al., 2000 Konduri et al., , 2001 . The promoter of the human TFPI-2 gene, which is Various deletion constructs of the 5'-flanking region of the TFPI-2 gene promoter were generated by PCR using modified primers containing restriction enzyme recognition sites (Table 1) . The XhoI and HindIII restriction enzyme-digested fragments obtained (2257, 534, 260 and 124 bp) were subsequently subcloned in the promoter-/enhancerless expression vector pGL3-Basic (Promega, Charbonnières, France) upstream from the luciferase reporter gene and all promoter constructs (T1, T2, T3 and T4, respectively) were sequenced on both strands. The TFPI-2/luciferase reporter constructs (TFPI-2/Luc) were methylated using SssI methyltransferase for 16 h at 37°C in NEBuffer 2 (New England Biolabs Ltd, Oty, UK) containing 180 µM Sadenosylmethionine, 10 units of SssI methyltransferase and 5 µM of plasmids. The reactions were terminated by heating for 15 min at 65°C. Complete methylation of constructs was checked by evaluating their resistance to cleavage by BstUI restriction endonuclease (New England Biolabs). Only plasmids that were completely resistant to digestion were then used in the transfection experiments. (A) Schematic map of the fragments T1 to T4. (B) BstUI digestion of human TFPI-2/Luc before (-) and after (+) SssI treatment. Digestion products were analyzed by electrophoresis through 1.6% agarose gel containing 1 µg/ml ethidium bromide. Lane M, 1 kb ladder of DNA size marker containing DNA fragments ranging from 75 to 12 216 bp. (C) The unmethylated (white) and methylated (black) human TFPI-2/Luc (1.1 nM) and plasmid controls were transiently transfected into the JAR choriocarcinoma cell line using LipofectAMINE Plus™ Reagent (Invitrogen) according to the manufacturer's instructions. The ßGal plasmid (pSVbeta-galactosidase control vector, Promega) was always co-transfected to normalize transfection efficacy. Cells were harvested 24 h after transfection, and luciferase activity was measured using a Wallac Victor 2 multilabel reader luminometer (Perkin Elmer, Le Blanc Mesnil, France) and expressed in relative light units (RLU). A positive control containing CMV promoter sequence (pGL3 control) and a negative control (pGL3-Basic) were used for each experiment. Data are the mean ± SEM of at least three independent transfections. with 17% endotoxin-free heat-inactivated fetal calf serum (FCS, ATGC Biotechnologie, Noisy le Grand, France). The human JAR cell line was obtained from the American Type Culture Collection (Rockville, MD, USA) and grown in RPMI-1640 medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% FCS. To assess reactivation of TFPI-2 expression in JAR cells, cells were treated for 48 h with 1 µM 5-aza (Sigma Aldrich Chimie, Saint Quentin Fallavier, France) and then for 48 h with freshly prepared medium containing 5 µM 5-aza. All cells were unstimulated (US) or stimulated with 100 ng/ml PMA for 4 h (PMA). Total mRNA was isolated from 2×10 5 trophoblast cells stimulated with PMA or left unstimulated using the Dynabeads mRNA Direct kit (Dynal France SA, Compiègne, France) according to the manufacturer's instructions. Total mRNA (40 ng for 2×10 5 cells) was then reverse transcribed as previously described (Iochmann et al., 2002) . PCR was performed using first-strand cDNA obtained from 5×10 4 cells and 1 µM of forward and reverse oligonucleotide primers (Genset SA, Paris, France) specific for TFPI-2 or GAPDH. PCR carried out for 35 cycles (94°C for 30 s, 62°C for 30 s and 72°C for 30 s) and RT-PCR products were sequenced on both strands with the reverse and forward primers on a Perkin Elmer Abi Prism™ 377 DNA sequencer. RT-PCR products were analyzed by electrophoresis through 1.6% agarose gels containing 1 µg/ml ethidium bromide. Lane M, φX174 RF DNA/HaeI-II DNA ladder; *, negative control (PCR without DNA). Data are representative of at least three independent experiments.
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was not detected in JAR cells, even after incubation with PMA for 4 h. These results demonstrate a discrepancy in TFPI-2 mRNA expression between normal and tumor cells, and we hypothesized that TFPI-2 gene expression is repressed in JAR cells. We therefore analyzed the TFPI-2 gene promoter sequence and identified a complete CpG island region that spans exon 1 and the three transcription initiation sites. This finding suggests that the methylation status of the human TFPI-2 gene promoter could regulate the level of expression of TFPI-2 in trophoblast cells.
To demonstrate that hypermethylation of the TFPI-2 gene is responsible for the downregulation of TFPI-2 mRNA synthesis in JAR cells, we treated cells with 5-aza, a demethylating agent that has been shown to reactivate the expression of many genes in several tumor cell lines (Guillaudeux et al., 1995; Hanski et al., 1997; Christman, 2002) . After treatment with 5-aza, TFPI-2 mRNA synthesis was restored in JAR choriocarcinoma cells ( Figure 1B) , which was probably related to the decreased methylation status of the TFPI-2 5'-flanking region. In addition, TFPI-2 mRNA expression was increased when 5-aza-treated JAR cells were incubated with PMA, whereas JAR cells without 5-aza treatment did not express TFPI-2 ( Figure 1A ). The DNA methylation status might affect the ability of transcription factors involved in the PMA-dependent signaling pathway to bind to their recognition sites, as previously demonstrated for AP-2, c-Myc, CREB and NF-κB (Bergman et Mostoslavsky, 1998) .
The effects of in vitro DNA methylation on TFPI-2 promoter function were also confirmed with TFPI-2/Luc methylated in vitro with SssI methyltransferase which recognizes CpG sites. Total methylation was confirmed by resistance to cleavage with BstUI restriction endonuclease. The promoter constructs used were previously described (Hubé et al., 2003b) and contained promoter sequences -2299/-42 (T1), -576/-42 (T2), -302/-42 (T3) and -166/-42 (T4) from the translation start site, comprising transcription factor binding sites necessary for transcriptional activity. Methylated or unmethylated TFPI-2/Luc plasmids were then transiently transfected into JAR cells and the luciferase activity of each promoter deletion construct (normalized with ßGal values) was compared to that of the pGL3 positive control. Figure 2A shows that no band smaller than 5 kb was detected in agarose gels (lanes 2, 4, 6 and 8), demonstrating the efficiency of SssI methyltransferase treatment with all plasmid constructs. Indeed, only completely methylated plasmids were resistant to digestion with methylation-sensitive BstUI restriction endonuclease and were then used in the transfection experiments.
The luciferase activity of each promoter construct was abolished after methylation with SssI, in contrast to the activity of unmethylated constructs ( Figure 2B ). Moreover, hypermethylation of the T4 construct that we previously defined as the minimal promoter (Hubé et al., 2003b) greatly decreased luciferase activity. These results indicate that hypermethylation of the CpG island Hypermethylation of the TFPI-2 Gene Promoter 1031 Figure 3 shows that 97.5% of 24 CpG sites were methylated in JAR cells that did not express TFPI-2 mRNA. By contrast, the CpG island was found to be poorly methylated (6.3% of 28 CpG's) in normal trophoblast cells that synthesized large amounts of TFPI-2 mRNA. Interestingly, methylation of the promoter region of JAR cells treated with 5-aza was 51.3%, with two regions particularly hypomethylated (CpG 12 -18 and CpG 24 -27) and two regions hypermethylated (CpG 4 -11 and CpG 19 -23). Significant TFPI-2 mRNA synthesis was observed in 5-aza-treated cells but remained lower than that of normal trophoblast cells. These results strongly support the hypothesis that, as previously demontrated for several other genes (Hanski et al., 1997; Esteller, 2002) , hypermethylation of CpG sites of the TFPI-2 promoter is correlated with the transcriptional repression of this gene in JAR choriocarcinoma cells.
In addition, our results with JAR 5-aza cells suggest Genomic DNA was isolated from cells using the DNeasy Tissue kit (Qiagen, Courtaboeuf, France) and converted using sodium bisulfite conversion, following the protocol of Frommer et al. (1992) with minor modifications. Briefly, 4 µg of DNA were digested overnight with 5 units of HindIII. Digested DNA was purified through columns of the GFX PCR DNA and Gel Purification Kit (Amersham Pharmacia Biotech Europe GMBH, Paris, France) and then denatured in 0.3 M NaOH supplemented with 10 µg tRNA (Sigma Aldrich Chimie) for 20 min at 42°C. Sodium bisulfite solution generated by sodium metabisulfite (Sigma Aldrich Chimie) was added at a final concentration of 3 M, layered with mineral oil and incubated for 16 h at 50°C in the dark with 20 mM hydroquinone, pH 5.0. DNA was desalted with the GFX PCR DNA and Gel Purification Kit, desulfonated with 0.3 M NaOH, and ethanol precipitated. DNA was then amplified using nested PCR. The first reaction used about 80 ng of bisulfite-modified DNA, outer modified primers (Table 1) and was carried out for 35 cycles (94°C for 30 s, 60°C for 30 s and 72°C for 60 s). The nested PCR reactions were performed using a 25-fold dilution of PCR products with inner modified primers (Table 1) . PCR products were then purified and sequenced, and the sequences were analyzed by comparing them with the original sequences. Numbers at the top (1 to 28) correspond to the relative position of CpG sites in this region. Major (MIS) and minor transcription initiation sites (mIS) are indicated. Each row of circles represents a single PCR product which was sequenced on both strands and each circle represents a single CpG site (open circles, non-methylated cytosines; filled circles, methylated cytosines). Results were obtained from at least three independent DNA extractions and bisulfite conversions.
within the minimal promoter is sufficient to affect TFPI-2 expression, in agreement with previous studies that indicated a correlation between CpG methylation of the minimal promoter and transcriptional silencing (Singal et al., 1997; Kinoshita et al., 2000) . Bisulfite genomic sequencing was used to determine precisely the methylation status of each CpG dinucleotide within a 250 bp region of the TFPI-2 gene promoter. The sodium bisulfite treatment converts unmethylated cytosines to uracil residues, while 5-methylcytosines remain unmodified. Sequencing the PCR products of bisulfitetreated DNA allows a determination of the methylation profiles of individual DNA molecules. Twenty-eight putative CpG sites were studied in a TFPI-2 region of about 250 bp (-207/+ 48 from the translation start site) which spanned the three transcription initiation sites and the translation start site and included the TFPI-2 minimal promoter. After amplification by nested PCR using modified primers (Table 1) , PCR products were sequenced on both strands and the percentage of cytosine methylation was that unmethylated regions between -112/-63 and -18/ + 14 (CpG 12 -18 and 24 -27) may allow TFPI-2 transcription initiation in this cell line. Moreover, hypermethylation of regions between -183/-113 and -54/-20 (CpG 4 -11 and 19 -23) appeared necessary but not sufficient to suppress TFPI-2 synthesis. Interestingly, the region between -112/-63, which was demethylated after 5-aza treatment, contains the major transcription initiation site previously identified at position -75 upstream from the translation start site (Hubé et al., 2003b) . Additional data on other tumoral cell lines will be necessary to verify the importance of these regions in TFPI-2 gene transcription.
In conclusion, the present study shows that among the multiple mechanisms that could regulate TFPI-2 expression, hypermethylation of the promoter region CpG island is a likely epigenetic modification. This mechanism might in choriocarcinoma contribute to a decrease in TFPI-2 synthesis, thereby favoring cancer invasion. Lakka et al. (2000) demonstrated that the downregulation of TFPI-2 with an antisense strategy increased the invasiveness of lung cancer cells. Moreover, another study showed that the transfection of JAR choriocarcinoma cells with a TFPI-2 expression vector reduced their invasive potential in vitro and in vivo (Jin et al., 2001) . Further studies are necessary to verify the significance of TFPI-2 gene inactivation in choriocarcinomas from patients.
